Introduction {#Sec1}
============

One of the most important kidney functions is to maintain normal acid--base balance by eliminating non-volatile acids, primarily as ammonium, and reabsorbing and generating bicarbonate. When chronic kidney disease (CKD) develops, acid excretion is impaired leading to acid retention and metabolic acidosis, commonly defined as a serum bicarbonate concentration \< 22 mmol/l \[[@CR1], [@CR2]\]. Metabolic acidosis is present in approximately 15% of patients with CKD \[[@CR1]\] and is associated with several serious consequences including risk of CKD progression, skeletal muscle catabolism, insulin resistance, bone demineralization, and mortality \[[@CR3], [@CR4]\]. To mitigate these adverse consequences, clinical practice guidelines recommend treating metabolic acidosis with base supplementation \[[@CR2]\]. However, evidence from well-designed, large, multicenter clinical trials that treatment of metabolic acidosis with base improves bone, muscle, and kidney health, or patient survival is lacking \[[@CR5]--[@CR9]\].

The Use of Bicarbonate in Chronic Renal Insufficiency (UBI) study was conducted to determine whether treatment of metabolic acidosis with alkali supplementation using oral sodium bicarbonate in patients with CKD preserves kidney function \[[@CR10]\]. Secondary outcomes included all-cause mortality and initiation of renal replacement therapy \[[@CR10]\]. We herein report the primary and secondary endpoint results of the largest randomized controlled study to determine the effects of treatment of metabolic acidosis on kidney and patient survival in patients with CKD stage 3--5 patients \[[@CR10]\].

Methods {#Sec2}
=======

Trial design and oversight {#Sec3}
--------------------------

The UBI Study was a multicenter, randomized, unblinded, pragmatic controlled trial. Patients at 10 Nephrology units in Italy with CKD stage 3--5 and metabolic acidosis were enrolled from January 2013 through September 2014 and randomized (ratio: 1:1) to receive sodium bicarbonate (SB) or standard care (SC) for 36 months, the occurrence of a study endpoint (whichever comes first) or lost to follow-up. To ensure allocation concealment, randomization was centralized \[[@CR10]\].

The study protocol was approved by the Campania Nord Ethic Committee, registered on (NCT01640119) and conducted according to the principles embodied in the Declaration of Helsinki and Good Clinical Practice. All participants signed an informed consent document.

Eligibility {#Sec4}
-----------

Inclusion criteria were serum bicarbonate \> 18 and \< 24 mmol/l, age \> 18 years and CKD stage 3--5. Exclusion criteria were active cancer, active autoimmune disease, New York Heart Association class III or IV heart failure symptoms, blood pressure (BP) \> 150/90 mmHg, limb amputation, history of cerebrovascular disease, neurological bladder or ureterosigmoidostomy, or current use of calcium carbonate.

Intervention {#Sec5}
------------

SB was administered twice daily to achieve a target serum bicarbonate concentration of 24--28 mmol/l in the experimental group. The starting daily dose was calculated to replace half of the bicarbonate deficit (bicarbonate deficit in mmol = \[24 − serum bicarbonate in mmol/l\] × \[total body weight (kg) × 0.5\]). Of note, the dosage of SB is expressed as mmol/kg of ideal body weight/day (conversion factor: 1 mmol = 84 mg of SB and 23 mg elemental sodium). The daily dose was subsequently increased by 25% every week until the serum bicarbonate target was achieved. The dose of SB was adjusted to keep serum bicarbonate levels \< 28 mmol/l as necessary. Serum bicarbonate concentration was measured weekly for the first 3 months and every 3 months thereafter. In the SC group, rescue treatment with SB was not protocolized and was permissible for safety reasons at the attending physicianʻs discretion. Similarly, diet was not protocolized either and participants received nutritional counseling and were prescribed a low protein (0.8 or 0.6 or 0.3 g/kg/day, depending on CKD severity), low phosphorus (\< 800 mg/day) and controlled sodium (\< 7 g/day) diet at the attending physicianʻs discretion \[[@CR10]\]. Medical management to achieve suggested targets for glycated hemoglobin, bone mineral metabolism, BP, anemia, iron status, and cholesterol was left to the discretion of the participant's attending physician. The targets were: BP \< 135/90 mmHg, serum hemoglobin 11--12 g/dl, low density lipoprotein (LDL) cholesterol \< 100 mg/dl, serum phosphorous 2.7--4.6 mg/dl, serum calcium 8.4--10.2 mg/dl, serum parathyroid hormone (PTH) 70--150 pg/ml and serum 25 (OH) vitamin D 30--100 nmol/l \[[@CR2]\].

Study endpoints {#Sec6}
---------------

The primary outcome was time to doubling of serum creatinine. All-cause mortality and time to initiation of renal replacement therapy were secondary endpoints. The effect of SB on blood pressure, nutritional parameters, fluid retention, and hospitalizations was also evaluated as safety endpoints. Primary and secondary efficacy study endpoints were adjudicated by a physician blinded to the participant's treatment assignment while safety endpoints were adjudicated by the attending physician.

Study procedures {#Sec7}
----------------

After the first 3 months, anthropometric, vital signs, and creatinine clearance measured via 24-h urine collection were measured at least every 3 months, and according to the standard practice at the study center where the participant was followed. Other laboratory parameters \[serum levels of albumin, C-reactive protein (CRP), sodium, potassium, chloride, homocysteine, lipids, calcium, phosphorus, PTH, alkaline phosphatase, transferrin saturation (TSAT), ferritin, creatinine, urea, and blood cell count; and 24-h urine urea, sodium, protein, creatinine, phosphate\] were tested at baseline and every 6 months or according to the standard practice at the study center where the participant was followed. Non-study medications (particularly, antihypertensive and diuretic medications) were recorded at baseline and every 6 months. All laboratory measurements were performed at the local laboratory as per standard of care.

Renal function was assessed by 24-h creatinine clearance, which is the standard of care in Italy. However, estimated glomerular filtration rate (eGFR) was calculated using the modification of diet in renal disease (MDRD) formula \[[@CR11]\]. Protein intake was calculated using the Maroni formula \[[@CR12]\]. The study visit schedule as well as the frequency of renal function assessment was decided by the attending physician based on the degree of renal function impairment and according to the center standard of care.

Sample size calculation {#Sec8}
-----------------------

Assuming a primary endpoint occurrence rate of 8.7% and 16.9% among treated and untreated subjects, a two-tailed statistical test with type I error of 5%, and 10% attrition, it was determined that 364 subjects per arm would provide 80% power for the primary endpoint.

Statistical analysis {#Sec9}
--------------------

Continuous variables are presented as mean ± standard deviation (SD) or median (interquartile range) as appropriate. Categorical variables are presented as proportions. Parametric (t test) and non-parametric tests (Wilcoxon sum rank test, Chi square test, Fisher exact test) were used as appropriate to evaluate for between- and within-group differences according to the treatment assignment. CKD stage was defined according to the estimated glomerular filtration rate (eGFR) \[[@CR11]\].

Univariable- and multivariable-adjusted survival analysis were performed. By design, all patients were followed until the occurrence of a study endpoint (i.e. patients who experienced a doubling of creatinine were no longer followed for dialysis initiation or death and patients who initiated dialysis were no longer followed for death) or study completion (36 months of follow-up). First, the cumulative incidence of the study endpoints (creatinine doubling, dialysis, death) by treatment assignment were constructed by the Kaplan--Meier method and the log rank test was used to determine statistical significance. Cox proportional hazard regression analyses were applied to estimate the hazard ratios (HR) of SB relative to SC for the three endpoints (creatinine doubling, dialysis, death). The Cox proportional hazard assumption was verified in the unadjusted models by using the Schoenfeld residuals against the transformed time method. Cox proportional hazard regression analysis are presented as: (1) unadjusted; (2) adjusted for age and sex (model 1); (3) adjusted for model 1 and body mass index (BMI), systolic and diastolic BP (model 2); (4) adjusted for model 2 and baseline creatinine clearance, cardiovascular disease (CVD), diabetes, hypertension (model 3); (5) adjusted for model 3 and proteinuria and use of medications that inhibit the renin--angiotensin--aldosterone system (RAAS) (model 4). All covariates were selected a priori as potential confounders. The effect of SB on serum bicarbonate and creatinine clearance as well as safety endpoints (effect of SB on blood pressure, nutritional parameters, fluid retention and all-cause hospitalization) were recorded during follow-up at each study visit. Parametric (t test) and non-parametric tests (Wilcoxon sum rank test, Chi square test, Fisher exact test) were used to evaluate for between- and within-group differences according to the treatment assignment. Initial vs last available data on creatinine clearance were used to test the effect of SB on creatinine clearance. Statistical analyses were conducted as per intention to treat. For longitudinal plots on serum bicarbonate levels, SB dose and renal function complete cases are considered and no data imputation of missing data has been carried out. Furthermore, to comply with standard regulation, participants who withdrew informed consent were not analyzed. Sensitivity analysis were carried out to evaluate (1) the association of SB vs SC treatment and the occurrence of the composite endpoint of all three endpoints (creatinine doubling, all-cause mortality and dialysis inception) by applying the same approach described for survival analyses (Supplemental material A); (2) the impact on renal function decline (defined by the slope of creatinine clearance decline) of SB vs SC among patients who completed 36 months of follow-up (Supplemental material B); (3) the potential effect of any of the main demographic and clinical characteristics on the effects of sodium bicarbonate on real function or all-cause mortality (Supplemental material C). Statistical significance was defined as a p value \< 0.05. Analyses were carried out with R version 3.3.2 (2016-10-31) the R Foundation for Statistical Computing for Mac.

Results {#Sec10}
=======

A total of 795 individuals enrolled in the UBI study (398 in SB and 397 in SC) (Fig. [1](#Fig1){ref-type="fig"}). However, 30 (13 in SC and 17 in SB) and 25 (20 in SC and 5 in SB) participants were excluded because the eGFR was \> 60 ml/min/1.73 m^2^ or because they withdrew consent (according to local regulations), respectively. Of the 740 recruited individuals, 79 participants were lost to follow-up (30 in SC and 49 in SB) (Fig. [1](#Fig1){ref-type="fig"}). A final sample of 364 participants in SC and 376 participants in SB were included in intent-to-treat analyses.Fig. 1Disposition of UBI study participants

Demographic, clinical and laboratory data at baseline {#Sec11}
-----------------------------------------------------

Table [1](#Tab1){ref-type="table"} shows the baseline characteristics of the study participants. Demographic characteristics and the etiology of CKD were similar between the groups. However, those allocated to SB had lower eGFR and creatinine clearance, lower LDL and triglycerides levels, higher proteinuria, higher serum bicarbonate concentration and a higher proportion had diabetes, coronary artery disease and used calcium channel blockers (Table [1](#Tab1){ref-type="table"}).Table 1Demographic, clinical laboratory and concomitant medication of the UBI study participants overall and according to the study drug allocationCharacteristicTotal (n = 740)Standard Care (n = 364)Sodium Bicarbonate (n = 376)Mean (SD)Mean (SD)Mean (SD)Demographic characteristics Age (years)67.8 (14.9)68.1 (14.7)67.6 (15.1) Male sex (%)61.8%61.5%62.2% BMI (kg/m^2^)27.9 (4.6)28.2 (4.6)27.7 (4.6) Systolic blood pressure (mmHg)128 (18)128 (18)129 (19) Diastolic blood pressure (mmHg)73 (10)73 (8)74 (11)Clinical characteristics CKD etiology  Unknown (%)23.5%24.5%22.6%  Diabetes mellitus (%)30.7%27.2%34.0%  ADPKD (%)10.7%11.8%9.6%  Chronic heart failure (%)4.9%6.0%3.7%  Hypertension (%)17.7%19.0%16.5%  Glomerulonephropathy (%)7.7%6.0%9.3%  Pyelonephritis (%)4.9%5.5%4.3% Hypertension (%)89.2%86.0%92.3% Peripheral artery disease (%)26.5%30.5%22.6% Coronary artery disease (%)20.1%17.3%22.9%Laboratory characteristics Hemoglobin (g/dl)12.3 (1.7)12.4 (1.7)12.2 (1.8) Serum albumin (g/dl)3.9 (0.4)3.9 (0.4)3.8 (0.4) Serum glucose (mg/dl)119 (41)118 (41)120 (40) HBa1c (%)6.7 (1.1)6.7 (1.1)6.7 (1.1) Blood urea nitrogen (mg/dl)94 (42)86 (36)101 (46) Serum creatinine (mg/dl)2.3 (0.9)2.1 (0.7)2.4 (1.1) Creatinine clearance (ml/min)30 (12)32 (12)28 (11) eGFR (ml/min/1.73 m^2^)35.1 (11.8)36.9 (10.8)33.4 (12.4) Serum bicarbonate (mmol/l)21.5 (2.4)21.4 (2.1)21.7 (2.6) Serum uric acid (mg/dl)5.1 (1.5)4.9 (1.3)5.2 (1.7) Serum potassium (mEq/l)4.9 (0.6)4.9 (0.6)4.9 (0.5) Serum sodium (mEq/l)139 (2.9)139 (2.8)139 (2.9) Cholesterol (mg/dl)158 (36)159 (34)157 (37) HDL cholesterol (mg/dl)47 (11)48 (11)46 (12) LDL cholesterol (mg/dl)101 (29)106 (31)95 (25) Triglycerides (mg/dl)174 (85)187 (88)161 (80) Serum calcium (mg/dl)9.2 (0.6)9.2 (0.5)9.2 (0.7) Serum phosphate (mg/dl)4.0 (0.8)3.9 (0.8)4.0 (0.9) Parathyroid hormone (pg/ml)105 \[68--152\]119 \[66--141\]109 \[70--167\] C reactive protein (mg/dl)2.5 \[1.0--3.9\]2.1 \[1.1--3.5\]2.5 \[1.0--4.1\] Proteinuria (mg/day)200 \[69--400\]183 \[0--310\]208 \[100--555\] Urinary urea (g/day)21.0 (6.2)22.5 (5.9)19.5 (6.2) Urinary phosphate (mg/day)587 (253)565 (234)607 (269) Urinary sodium (mEq/day)165 (43)173 (44)157 (41) Urinary potassium (mEq/day)35 (19)33 (18)38 (20)Concomitant medications Furosemide dose (mg/day)50 \[50--75\]50 \[50--75\]50 \[50--100\] RAAS blockade (%)  No10.8%14.2%7.4%  One drug30.5%29.9%31.1%  Two drugs58.6%55.7%61.4% Calcium channel blockers (%)30.4%26.6%34.0% Number of antihypertensive drugs (N)4 \[3--5\]4 \[3--5\]4 \[3--5\] Paracalcitol (%)45.8%44.0%47.6% Other forms of vitamin D (%)40.9%41.5%40.4% Phosphate binders (%)83.9%83.2%84.6%Data are presented as mean (standard deviation) or median \[interquartile range\] as appropriate

Adherence to study medication and achievement of serum bicarbonate target during study follow-up {#Sec12}
------------------------------------------------------------------------------------------------

The mean (SD) follow-up was 29.9 (10.3) months \[29.6 (9.8) vs 30.3 (10.7) months in SC and SB, respectively\]. Over the course of the study, the mean (SD) daily doses of SB was 1.13 (0.10). 1.12 (0.11) and 1.09 (0.12) mmol/kg-bw/day in the first, second and third year of follow-up, respectively. Rescue therapy with sodium bicarbonate was prescribed to 78, 26 and 33 participants in SC in the first, second and third year of follow-up, respectively. The mean (SD) dose of sodium bicarbonate prescribed as rescue therapy to those in SC was 0.28 (0.23), 0.24 (0.05) and 0.21 (0.06) mmol/kg-bw/day in the first, second and third year of follow-up, respectively. The duration participants received rescue therapy ranged from 2 to 4 months in year 1, 3--5 months in year 2, and 2--4 months in year 3.

Figure [2](#Fig2){ref-type="fig"} shows serum bicarbonate concentration during the course of the study. At baseline, 172 (45.7%) participants in SB and 183 (50.2%) in SC group had serum levels of bicarbonate below 22 mmol/l. As depicted in Fig. [2](#Fig2){ref-type="fig"} and Table [2](#Tab2){ref-type="table"}, the overall serum levels of bicarbonate during follow-up were different between study groups (p \< 0.001) with participants allocated to SC being maintained around 22 mmol/l and participants allocated to SB maintained around 26 mmol/l. During follow-up, the number of participants with metabolic acidosis was lower in SB (22, 10 and 0 at the end of the first, second and third year, respectively) than in SC (110, 146 and 154). As expected, none in the SC group had serum levels of bicarbonate ≥ 28 mmol/l while in the SB group this occurred in 37, 60 and 15 participants at the end of the first, second and third year of follow-up, respectively.Fig. 2Serum levels of bicarbonate during the UBI study by treatment assignment. Analysis are carried out as per intention-to-treat and no data imputation on missing data is performedTable 2Mean (SD) dose of sodium bicarbonate administered and mean (SD) and range (min--max) of serum bicarbonate (mmol/l) during the study according to study arm allocationBaseline1^b^ year2^b^ year3^b^ yearStandard care (SC)Mean (SD) SB administered dose (mmol/kg-bw/day)--0.28 (0.23)^a^0.24 (0.05)^b^0.21 (0.06)^c^Mean serum levels of bicarbonate (SD)(mmol/l)21.4 (2.1)22.3 (1.9)21.9 (1.3)21.9 (1.9)Range of serum bicarbonate (min--max) (mmol/l)16--2517--2618--2617--26Sodium bicarbonate (SB)Mean (SD) SB administered dose (mmol/kg-bw/day)--1.13 (0.10)1.12 (0.11)1.09 (0.12)Mean serum levels of bicarbonate (SD)(mmol/l)21.5 (2.4)25.0 (2.4)26.0 (2.4)26.1 (1.7)Range of serum bicarbonate (min--max) (mmol/l)13--2620--2921--3022--30P value between group comparison0.006\<0.001\<0.001\<0.001^a^78 patients treated for 2 -- 4 months during the first year^b^26 patients treated for 3--5 months during second year^c^33 patients treated for 2--4 months during third year

Effect of sodium bicarbonate treatment on kidney end points {#Sec13}
-----------------------------------------------------------

Doubling of serum creatinine (primary endpoint) occurred in 87 participants \[62 (17.0%) in SC vs 25 (6.6%) in SB, logrank test p value \< 0.0001\] (Fig. [3](#Fig3){ref-type="fig"}a). The Cox proportional hazard analysis showed that participants treated with SB had a 64% lower hazard rate of doubling of serum creatinine during follow-up \[hazard ratio (HR) 0.36; 95% confidence interval (95% CI) 0.22--0.58; Cox-model p value \< 0.001\] and progressive adjustment for factors associated with the outcome of interest did not affect this association (Table [3](#Tab3){ref-type="table"}a). At study completion, participants allocated to SC experienced a twice the decline in creatinine clearance (10.9 (5.2) vs 4.9 (4.2) in SC and SB, respectively) (Table [4](#Tab4){ref-type="table"}, Fig. [4](#Fig4){ref-type="fig"}). Of importance, the effect of SB on creatinine clearance was maintained irrespective of baseline levels of serum bicarbonate, baseline renal function, age, gender, systolic blood pressure and proteinuria (no qualitative interaction effect Supplemental material A).Fig. 3Time to **a** creatinine doubling, **b** initiation of renal replacement therapy, and **c** all-cause mortality according to the Kaplan--Meyer methods (p value refers to the unadjusted log-rank tests). Analysis are carried out as per intention-to-treat and no data imputation on missing data is performedTable 3Risk of creatinine doubling, dialysis initiation, and all-cause mortality with sodium bicarbonate treatmentHazard ratio95% confidence intervalp valueCreatinine doubling (number of events N = 87) Unadjusted0.360.22--0.58\< 0.001 Model 10.360.22--0.57\< 0.001 Model 20.360.22--0.58\< 0.001 Model 30.360.22--0.57\< 0.001 Model 40.360.23--0.59\< 0.001Dialysis initiation (number of events N = 71) Unadjusted0.50.31--0.810.005 Model 10.50.31--0.810.005 Model 20.490.30--0.800.004 Model 30.340.20--0.56\< 0.001 Model 40.280.16--0.48\< 0.001All-cause mortality (number of events N = 37) Unadjusted0.430.22--0.870.01 Model 10.430.21--0.860.018 Model 20.420.21--0.850.015 Model 30.380.18--0.770.007 Model 40.360.18--0.740.005Model 1 adjusted for age and sex; model 2 adjusted for model 1 and demographics, body mass index, and blood pressure. Model 3: adjusted for model 2 and comorbidities (renal function. cardiovascular disease, peripheral arterial disease, diabetes, hypertension). Model 4: adjusted for model 3 and proteinuria, use of renin--angiotensin--aldosterone system inhibitorsTable 4Change in creatinine clearance during the study by CKD stage and treatment assignmentCreatinine clearanceBaseline12 months24 monthsStudy completionDelta from baselinep value\*p value^\^^ml/min%Overall Standard of care (SC)32.3 (12.1)28.9 (11.9)25.1 (11.6)22.6 (11.2)10.9 (5.2)34 (16)\< 0.0010.0287 Sodium bicarbonate (SB)28.3 (11.9)27.6 (11.1)26.2 (11.1)24.6 (10.9)4.9 (4.2)17 (15)\< 0.001CKD-3a (n = 88) Standard of care (SC)42.1 (12.2)38.0 (12.2)33.7 (11.8)31.1 (11.3)11.9 (5.6)29 (13)\< 0.0010.572 Sodium bicarbonate (SB)35.7 (11.2)33.8 (11.4)31.8 (11.4)29.6 (12.5)5.4 (3.7)18 (15)\< 0.001CKD-3b (n = 319) Standard of care (SC)34.1 (12.1)30.5 (12.1)26.6 (11.8)24.5 (11.5)10.9 (5.1)32 (16)\< 0.0010.002 Sodium bicarbonate (SB)34.1 (10.8)31.8 (10.6)30.1 (11.0)28.7 (10.8)5.1 (2.9)17 (10)\< 0.001CKD-4 (n = 274) Standard of care (SC)27.8 (8.4)24.5 (8.2)20.7 (8.0)17.5 (7.9)10.8 (5.0)39 (15)\< 0.0010.006 Sodium bicarbonate (SB)25.1 (9.0)23.6 (8.3)22.0 (8.2)20.4 (7.9)4.8 (5.2)18 (15)\< 0.001CKD-5 (n = 58) Standard of care (SC)14.9 (5.5)12.9 (5.0)9.9 (3.4)7.7 (1.1)7.5 (6.2)44 (16)\< 0.0010.001 Sodium bicarbonate (SB)13.5 (6.2)13.6 (6.0)13.5 (6.0)12.8 (5.5)3.6 (5.9)14 (29)\< 0.001The mean value of creatinine clearance (standard deviation) at each time point and the mean change (expressed as ml/min or % change) from baseline and study completion is reported. Within group comparison is made between creatinine clearance at baseline and study completion. Between groups comparison is made at study completion. Analysis are based on complete cases\*p value for comparison between baseline and completion (t test), ^\^^p value for comparison between treatment groups at study completion (t test)Fig. 4Creatinine clearance during the UBI study by treatment assignment. Analysis are carried out as per intention-to-treat and no data imputation on missing data is performed

Time to initiation of renal replacement therapy (RRT) was also significantly different between groups. At the end of the study, 71 participants \[45 (12.3%) in SC and 26 (6.9%) in SB, Log-rank test p value = 0.004\] initiated RRT (Fig. [3](#Fig3){ref-type="fig"}b). The Cox proportional hazard analysis showed that participants treated with SB had a 50% lower HR of initiating dialysis during follow-up \[HR 0.5; 95% CI 0.31--0.81; Cox-model p value = 0.005\] and progressive adjustment for factors associated with the outcome of interest did not affect this association (Table [3](#Tab3){ref-type="table"}b). Similarly to what reported for the primary endpoint, no qualitative interaction between baseline variables and the effect of SB treatment was noted (Supplemental material A).

The impact of SB vs SC on renal function was also assessed in patients who completed 36 months of follow-up and did not experience any of the study endpoints. Treatment with SB was associated with a significantly lower CKD progression (− 1.4 vs − 3.4 ml/min/year creatinine clearance decline in SB vs SC, respectively) irrespective of the multiple adjustment for confounders, further corroborating the results of the UBI study primary endpoint (Supplemental material B).

Effect of sodium bicarbonate on mortality and hospitalizations {#Sec14}
--------------------------------------------------------------

Thirty-seven participants died during follow-up; 25 (6.8%) in SC and 12 (3.1%) in SB (log-rank test p value = 0.016) (Fig. [3](#Fig3){ref-type="fig"}c). The survival analysis showed that participants treated with SB had a 57% lower HR of all-cause mortality during follow-up \[HR 0.43; 95% CI 0.22--0.87; Cox-model p value = 0.01\] and progressive adjustment for factors associated with the outcome of interest did not affect this association (Table [3](#Tab3){ref-type="table"}c). No qualitative interaction between baseline variables and the effect of SB treatment was noted (Supplemental material A).

To corroborate the efficacy of SB over SC and exclude the possibility that current analysis are biased by correlated events censoring and different creatinine testing between study arms, we also explored to impact of SB on the composite endpoint of creatinine doubling, all-cause mortality and dialysis inception. As reported in the Supplemental material C, subjects allocated to SC experienced three time the risk of the occurrence of the composite endpoint as compared to subjects allocated to SB (HR 0.35; 0.25--0.48; p \< 0.0001).

Similarly, rates of hospitalizations and length of stay progressively decreased among participants treated with SB while no difference was noted among patients allocated to SC (Table [5](#Tab5){ref-type="table"}). At study completion, lower proportion in SB were hospitalized (34.6% vs 14.2%, p for between group comparison \< 0.001 in SC and SB, respectively) and the duration of hospitalization was lower in SB as well (1160 vs 400 day/year, p for between group comparison \< 0.001 in SC and SB, respectively).Table 5Hospitalization rate and length of hospital stay by treatment assignment during followupFirst yearSecond yearThird yearStandard care Number hospitalized928184 Proportion hospitalized (%)26.633.634.6 Number of days in the hospital10859751160Sodium bicarbonate Number hospitalized1013835 Proportion hospitalized (%)29.715.414.2 Number of days in the hospital1168422400

Effect of sodium bicarbonate on safety endpoint {#Sec15}
-----------------------------------------------

The effect of SB on safety endpoints is summarized in Table [6](#Tab6){ref-type="table"}. In particular, no significant effect of SB on systolic or diastolic BP or total body weight was observed. No signs of fluid overload were detected and body weight was not different between the two groups during follow-up (Table [6](#Tab6){ref-type="table"}). Overall, systolic BP decreased by 1.5 (19.8) mmHg in SB and by 1.2 (10.9) mmHg in SC. Diastolic BP decreased by 3.0 (11.8) mmHg in SB and by 2.5 (10.1) mmHg in SC (Table [6](#Tab6){ref-type="table"}). At the end of the 36 months of follow-up, 15.6 and 11.0% in SC and SB, respectively, had systolic BP \> 145 mmHg; whereas diastolic BP was \> 85 mmHg in 2.4% and 7.6% in SC and SB, respectively). At baseline the mean number of antihypertensive medications as well as dose of diuretics prescribed was greater among participants allocated to SB (Table [1](#Tab1){ref-type="table"}). During follow-up, 81 vs 68 participants increased anti-hypertensive drugs in SC and SB, while 91 and 122 decreased the number of medications to control hypertension in SC and SB groups, respectively.Table 6Safety endpoints according to study allocationSodium bicarbonateStandard careBaselineFollow-upp valueBaselineFollow upMean systolic blood pressure mmHg (SD)129 (19)127 (16)0.147128 (18)127 (15)Mean systolic blood pressure change mmHg− 1.5 (19.8)− 1.2 (10.9)Mean diastolic blood pressure mmHg (SD)73 (8)74 (9)0.20274 (11)76 (10)Mean diastolic blood pressure change mmHg− 3.0 (11.0)− 2.5 (10.1)Prevalence of systolic blood pressure N (%) \> 145 mmHg53 (23.3)36 (11.0)0.00186 (25.7)52 (15.6) 135--145 mmHg51 (15.6)49 (15.0)0.91634 (10.2)61 (18.3) \< 100 mmHg32 (9.8)19 (5.8)0.07717 (5.1)11 (3.3)Prevalence of diastolic blood pressure N (%) \> 85 mmHg28 (8.6)25 (7.6)0.74310 (3.0)8 (2.4)Serum albumin (g/dl)3.8 (0.4)3.9 (0.4)0.0053.8 (0.4)3.8 (0.5)Serum hemoglobin (g/dl)12.2 (1.8)12.4 (2.1)0.49912.4 (1.7)12.3 (1.8)Serum potassium (mmol/l)4.9 (0.5)4.9 (0.6)0.5184.9 (0.6)4.9 (0.7)24 h urine sodium (mmol/l)157 (41)154 (23)0.384173 (44)159 (41)24 h chloride (mmol/l)128 (22)98 (21)0.001124 (20)119 (24)Body weight (kg)74.7 (13.0)74.0 (11.7)0.46775.6 (9.7)74.9 (11.7)The mean (standard deviation) of baseline as well as the last available data at follow-up is reported. Complete cases are reported and no missing data imputation is performed

No major between group differences in electrolytes were apparent with the exception of urinary sodium and chloride excretion (Table [6](#Tab6){ref-type="table"}). When compared to SC, participants allocated to SB had lower urinary sodium excretion at baseline. However, no between groups difference was noted at study completion (Table [6](#Tab6){ref-type="table"}). Indeed, sodium intake was similar in the 2 study arms during follow-up (9.0 vs 8.8 g/day in SB and SC group. respectively) and urinary chloride excretion was markedly lower in SB than in SC during follow-up, suggesting that participants in SB reduced sodium chloride intake. Notably, no signs of hemodilution were apparent. At baseline, no meaningful difference in serum levels of albumin were observed between the groups (Table [1](#Tab1){ref-type="table"}). During follow-up, only 78 participants (38 in SC and 40 in SB) showed albumin levels lower than 3.5 g/dl during follow-up. Similarly, serum hemoglobin was 12.4 (1.7) g/dl and 12.2 (1.8) g/dl in the SC and in the SB group at baseline (Table [1](#Tab1){ref-type="table"}). Ten participants in SC and 11 in SB experienced a reduction in hemoglobin levels below 9.5 g/dl while 109 participants in SC and 90 in SB had hemoglobin levels higher than 13 g/dl. A total of 403 participants (205 in SC and 198 in SB) received erythropoietin during study follow-up.

Discussion {#Sec16}
==========

Metabolic acidosis is a complication of CKD associated with increased protein catabolism \[[@CR4], [@CR13]\], branched-chain amino-acids oxidation \[[@CR14]\], reduced insulin sensitivity \[[@CR3], [@CR4], [@CR15]\], and bone demineralization \[[@CR16], [@CR17]\]. More recent evidence has linked metabolic acidosis with CKD progression \[[@CR18], [@CR19]\], poor cognitive function and poor kidney allograft survival \[[@CR20]\]. Although experimental models have shown beneficial effects of correcting metabolic acidosis with alkali supplementation on the kidney \[[@CR21]--[@CR23]\], evidence from well-designed, large-scale clinical trials is lacking. Hence, the Use of Bicarbonate in Chronic Renal Insufficiency (UBI) study was conducted to test the hypothesis that correction of metabolic acidosis with sodium bicarbonate preserves kidney function and reduces mortality in CKD. The main results of the UBI study confirm that treatment of metabolic acidosis with sodium bicarbonate in patients with CKD stage 3--5 is safe and improves kidney and patient survival. Indeed, untreated participants had a threefold risk of creatinine doubling and a twofold higher risk of starting dialysis, respectively. Correction of CKD-related metabolic acidosis preserved kidney function irrespective of gender and several other notable characteristics including the use of RAAS inhibitors.

The UBI findings confirm those of other studies with smaller sample size. In a single center, open-label randomized, controlled trial of 134 individuals with CKD, treatment of metabolic acidosis with sodium bicarbonate delayed progression of CKD and improved nutritional status \[[@CR24]\]. Phistkul et al., also reported that correction of metabolic acidosis preserved the eGFR in a smaller study of 29 individuals treated with sodium citrate compared to 30 individuals unable or unwilling to take the treatment over 24 months of follow-up \[[@CR25]\]. Thus, the available interventional evidence supports the hypothesis that treatment of metabolic acidosis preserves kidney function in CKD.

There is also intriguing evidence suggesting that oral bicarbonate supplementation may preserve kidney function in CKD patients with normal serum bicarbonate concentration. Mahajan et al. reported that sodium bicarbonate supplementation significantly preserved kidney function in 120 individuals with early hypertensive nephropathy and normal serum bicarbonate concentration \[[@CR26]\]. Large-scale clinical trials to determine whether alkali supplementation preserves kidney function in CKD patients with normal serum bicarbonate are warranted, particularly since the vast majority of CKD patients have normal serum bicarbonate concentration \[[@CR1]\] and are not treated with oral alkali based on current practice standards.

Several mechanisms have been identified that link metabolic acidosis with CKD progression. Experimental data suggest that metabolic acidosis triggers endothelin production and activation of its receptors type A and B as well as promotes the complement cascade activation \[[@CR27], [@CR28]\]. Other lines of evidence suggest that acidosis stimulates angiotensin II production and upregulates TGF-beta further linking renal function loss with acidosis \[[@CR21]--[@CR23]\]. Hence, impaired renal acid excretion and excessive dietary acid intake contribute to metabolic acidosis and progressive renal function loss. In animal models, the use of fruit and vegetables as well as sodium citrate supplementation have been demonstrated to prevent the occurrence of metabolic acidosis and attenuate endothelin- and aldosterone-induced fibrosis and delay residual renal function loss \[[@CR29]--[@CR31]\]. We also demonstrate for the first time that correction of metabolic acidosis reduces risk of all-cause mortality in CKD (fully adjusted HR 0.36; 95% CI 0.18--0.74). Although the mechanisms are uncertain, this may be in part due to the positive impact of alkali supplementation on renal function. Results from observational studies have found that serum bicarbonate levels ≥ 27 mmol/l are associated with an increased risk of incident heart failure \[[@CR32]\], raising the concern that increasing serum bicarbonate levels towards this range might be associated with adverse cardiovascular consequences. Nonetheless, in the UBI study, efforts to achieve a serum bicarbonate levels of 24--28 mmol/l improved survival and no significant differences in blood pressure, total body weight or hospitalizations were noted. In spite of the administration of a considerable dose of sodium bicarbonate (0.8--1.1 mmol/kg/day---about 1.8 g/day of elemental sodium), we did not observe a significant increase in BP. However, it should be mentioned that the overall sodium intake in the two study arms was similar (about 9 g/day). This suggests that those in SB reduced their sodium chloride intake in response to the nutritional counselling performed as part of the UBI study protocol. Nevertheless, we did not observed significant differences in BP during this clinical trial, which is consistent with previous experiences \[[@CR24], [@CR26]\], and supports the hypothesis that sodium-mediated fluid retention occurs when sodium is accompanied by the chloride anion and not the bicarbonate anion \[[@CR33], [@CR34]\].

The UBI study is the largest, randomized, pragmatic clinical trial evaluating the effect of sodium bicarbonate supplementation in patients with CKD. Whereas prior published trials were single-center in nature that mostly enrolled patients with hypertensive CKD, the UBI study was a multicenter trial that enrolled patients with diverse etiologies of CKD. Participants were also followed for a mean (SD) duration of 29.9 (10.3) months. Nevertheless, the study has some limitations. The limited budget of the UBI study, did not allow for implementing the use of placebo or adoption of common protocols for patients care among centers (including the decision to start dialysis) and participants as well as physicians were aware of the treatment administered. Accordingly, the follow-up schedule was decided by the attending physician according to the standard practice in use at the study center. However, while these may have resulted in censoring or treatment bias, the sensitivity analysis (i.e. incidence of the composite endpoint as well as creatinine slope decline among patients followed for 36 months) corroborate the main findings of the UBI study. Although diet may influence sodium bicarbonate levels \[[@CR35], [@CR36]\], no specific nutritional regimen was enforced in the UBI study. However, alkali therapy was titrated to achieve a serum bicarbonate level between 24 and 28 mmol/l, minimizing the potential interaction of nutrition on serum levels of bicarbonate. Furthermore, the random assignment of the alkali treatment in the UBI study and the progressive adjustment of analyses for measured factors should reassure against any potential confounding effect of nutrition on current results. Similarly, drug or diet adherence was not monitored. Rescue therapy with sodium bicarbonate occurred in a large proportion of participants in the control group. Nevertheless, the duration of treatment was short for those who received rescue treatment and this would have biased the results towards the null. There were relatively few mortality events, so the effect of treatment of metabolic acidosis with sodium bicarbonate on mortality should be interpreted with this in mind. Gastrointestinal intolerance was not investigated and hence the UBI study cannot shed light on this aspect. However, the relatively low (14.1%). equally balanced between groups as well as expected dropout rate should reassure on the overall safety of SB even at the dosages used in the UBI study (mean daily dose of sodium bicarbonate and elemental sodium: \~ 6.8 g/day and \~ 1.8 g/day, respectively). Pill burden may be another factor that could limit implementation of current results. Finally, the relatively selected population studied and the fact that this study was conducted in Italy should caution against the generalizability of current findings and whether the UBI study results apply to other populations with different dietary habits and standard of care is uncertain.

In conclusion, correction of metabolic acidosis with oral sodium bicarbonate is safe and reduces the risk of CKD progression and all-cause mortality in patients with CKD 3--5 without advanced stages of chronic heart failure.
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